BACKGROUND: High serum enzyme activity levels of ␥-glutamyl transferase (GGT) are associated with increased risk of mortality, but whether this is mediated by fatty liver, as a common cause of high GGT levels, is uncertain. Our aim was to test whether GGT levels are associated with all-cause, cancer, and cardiovascular (CVD) mortality, independently of fatty liver.
frequently measured in primary care or as part of health checkups. Modestly increased results are often reported and are of uncertain clinical relevance. In addition to an association with liver disease, it is now evident that modestly increased GGT levels may also occur with other conditions for which early diagnosis and treatment may be appropriate (1 ) .
GGT may be involved in the pathogenesis of cardiovascular disease (CVD), especially ischemic heart disease, and it has been suggested that investigation of the role of GGT in the mechanism of cardiovascular diseases will be helpful in developing preventive strategies and treatment methods (2 ) . Additionally, it has been shown that GGT levels are a strong risk indicator of occupational disability even at levels of GGT in the reference interval (3 ) .
Recent evidence and metaanalyses suggest that GGT is associated with cardiovascular mortality and all-cause mortality (4 -9 ) . However, to date, no large cohort studies have evaluated associations between GGT and mortality outcomes after accounting for fatty liver.
Consequently, exploring relationships between serum enzyme activity of GGT and mortality outcomes after adjustment for fatty liver for both alcoholic liver disease and nonalcoholic fatty liver disease (NAFLD) would provide valuable insight to help inform the true nature of relationships between liver function test results and cardiovascular, cancer, and all-cause mortality.
In this study of a large (approximately 250 000) Korean occupational cohort of predominantly a single ethnicity, in which we were able to adjust for multiple potential confounders, our aim was to test whether GGT serum enzyme activity values are associated with allcause, cancer, and CVD mortality, independently of fatty liver.
Materials and Methods

STUDY POPULATION
The study population consisted of individuals who participated in a comprehensive health screening program at Kangbuk Samsung Hospital, Seoul, Korea, from 2002 to 2009 (n ϭ 278 419). The purpose of the screening program was to promote health through early detection of chronic diseases and their risk factors. Additionally, the Korean Industrial Safety and Health Law mandates that working individuals participate in an annual or biennial health examination. About 60% of the participants were employees of companies or local governmental organizations, and the remaining participants were spouses who registered individually for the program.
For this analysis, individuals were excluded for at least 1 of the following reasons: 1963 individuals with alanine aminotransferase (ALT) Ն120 IU/L; 80 individuals with missing data on GGT at baseline; 2627 individuals with histories of malignancy; 11 individuals with unknown vital status; 12 016 individuals with positive serologic markers for hepatitis B or C virus; and 2386 individuals with total bilirubin Ն2.34 mg/dL (40 mol/ L). As some individuals met Ͼ1 criterion for exclusion, the total number of eligible individuals for the study was 260 260.
This study was approved by the Institutional Review Board of Kangbuk Samsung Hospital. Requirement for informed consent was waived, as deidentified information was retrieved retrospectively.
MEASUREMENTS
As part of the health screening program, individuals completed questionnaires related to their medical and social history and medication use. Individuals were asked about duration of education (years), frequency of exercise [none, less than once a week, at least once a week, or Ն3 times per week (regular exercise)], smoking history (never, former, or current), and alcohol consumption (g/week).
Trained staff also collected anthropometric measurements and vital statistics. Body weight was measured in light clothing with no shoes to the nearest 0.1 kg with a digital scale. Height was measured to the nearest 0.1 cm. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Blood pressure was measured with standard mercury sphygmomanometers.
Blood samples were collected into serum-separating tubes after Ն10 h of fasting and analyzed in the same core clinical laboratory. The core clinical laboratory has been accredited and participates annually in inspections and surveys by the Korean Association of Quality Assurance for Clinical Laboratories. Reference intervals were 10 -90 IU/L for GGT and 10 -40 IU/L for ALT. Serum glucose was measured by the hexokinase method, and lipid concentrations were measured by an enzymatic colorimetric assay with Bayer Reagent Packs. Measurements including GGT and ALT were undertaken on an automated chemistry analyzer (Advia 1650™ Autoanalyzer, Bayer Diagnostics). The CVs for quality control samples of low and high concentrations, respectively, were 0.8%-1.9% and 0.6%-1.6% for total cholesterol, 1.2%-2.7% and 0.9%-3.1% for HDL cholesterol, 0.9%-1.8% and 0.2%-1.1% for triglycerides, and 0.9%-2.4% and 0.8 -2.2% for LDL cholesterol. Serum GGT levels were measured with the same reagent on the same autoanalyzer between 2002 and 2009, and the CVs for QC samples of low and high levels were 1.3%ϳ3.1% and 0.7%ϳ1.7% during the period for samples within the reference interval (10 -90 IU/L).
Abdominal ultrasonography (Logic Q700 MR, GE) with a 3.5-MHz probe was performed in all participants by experienced clinical radiologists, and fatty liver was diagnosed or excluded on the basis of standard criteria, including hepatorenal echo contrast, liver brightness, and vascular blurring. Fatty infiltration was classified as an increase in echogenicity of the liver compared with that of the renal cortex where the diaphragm and intrahepatic vessels appeared healthy (10 ) . Metabolic syndrome was defined according to the international harmonized classification (11 ) . To identify people with fatty liver due to probable NAFLD, we diagnosed NAFLD by the presence of fatty liver in people who consume no alcohol or modest amounts of alcohol [daily intake Ͻ20 g (2.5 U) in women and Ͻ30 g (3.75 U) in men]. We also assessed fatty liver by estimation of the fatty liver index (FLI), which is calculated with an algorithm on the basis of BMI, waist circumference, triglycerides, and GGT and has an accuracy of 0.84 (95% CI 0.81-0.87) for detecting fatty liver (12 ) .
ASCERTAINMENT OF MORTALITY
With identification numbers assigned to individuals at birth, we identified deaths among participants by matching the information to death records from the National Statistical Office. Causes of death were coded centrally by trained coders by use of the International Statistical Classification of Diseases and Related Health Problems, 10th revision.
STATISTICAL ANALYSES
We performed statistical analysis with STATA version 11.2 (StataCorp LP). Reported P values were 2-tailed, and those Ͻ0.05 were considered statistically significant. The distribution of continuous variables was evaluated, and transformations were conducted for non-normally distributed variables.
We used Cox proportional hazards models to estimate hazard ratios (HRs) and 95% CIs for mortality in each quartile, compared with the lowest quartile as reference for GGT. For testing linear risk trends, we used the quartile rank as a continuous variable in the regression models. We checked the proportional hazards assumption by examining graphs of estimated log (-log) survival. The models were initially adjusted for baseline age and sex, smoking status, alcohol intake, regular exercise, BMI, LDL cholesterol, HDL cholesterol, and triglyceride concentrations (model 1). In model 2, the models were further adjusted for hypertension, diabetes, history of heart disease, and history of stroke. In model 3, the models were further adjusted for fatty liver (NAFLD or AFLD). Associations between GGT quartiles and allcause, cancer, and CVD mortality were examined in clinically relevant subgroups. In an alternative analysis, model 3 was adjusted for fatty liver index, rather than ultrasound-detected fatty liver. P values are presented for the significance of the trend in HRs across GGT quartiles. P Ͻ 0.05 was considered significant. Table 1 shows the baseline characteristics of all individuals who were alive at the beginning of the study period, compared with the baseline characteristics of those who died during the follow-up period. During the follow-up period, 910 people died; of those, 178 died from CVD and 390 from cancer. At baseline, measured GGT enzyme activities were markedly higher in the group who died during follow-up compared with survivors. The proportion of individuals consuming Ͼ20 g/day of alcohol at baseline was higher in those who died during the follow-up period. Additionally, the proportion of individuals who reported not consuming alcohol (0 g/day) at baseline was slightly higher in the group who died during the follow-up period. Table 2 shows the GGT enzyme activity levels in different categories of individuals at baseline. GGT levels were found to be higher in people who smoked, consumed alcohol, had metabolic syndrome, had hypertension, had NAFLD, and had AFLD compared with individuals without each of these risk factors.
Results
The cutpoints for GGT quartiles and the relationships with all-cause mortality are described in Table 3 . With increasing GGT enzyme activity level quartiles, the number of deaths was 136, 167, 265, and 342. There was an increased risk of death in people in the highest compared with the lowest quartile, with the number of deaths increasing across quartiles for a fully adjusted HR of 1.50 (95% CI 1.15-1.96) and a significant trend in increase in HR with increasing levels of GGT quartiles (P Ͻ 0.001). Importantly, this association was not attenuated after adjustment for fatty liver or alcohol intake. Table 4 provides information about the association between GGT quartiles and death from cancer. With increasing GGT, the number of deaths with increasing quartiles was 64, 78, 117, and 131. There was a significantly increased risk of cancer among people in the highest quartile of GGT [HR 1.57 (95% CI 1.05-2.35)], and importantly, the P value for the trend across increasing quartiles was significant (P ϭ 0.013).
For CVD mortality (Table 5 ), the number of deaths was 22, 31, 55, and 70 with increasing GGT quartiles. The effect size for the highest compared with the lowest GGT quartile was similar to that observed for all-cause and cancer mortality, but this was not statistically significant [HR 1.35 (95% CI 0.72-2.56), P ϭ 0.19].
Although the associations shown in Tables 3-5 were adjusted for all measured potential confounders, we also undertook sensitivity analyses by repeating the analyses after exclusion of certain subgroups. Associations between GGT serum enzyme activities with risk of all-cause mortality are shown in Table 6 ; with risk of cancer mortality in Supplementary Table 1, which accompanies the online version of this article at http://www.clinchem.org/ content/vol61/issue9; and with risk of CVD mortality in online Supplementary Table 2 . There was a strong association between GGT and cancer mortality in nonsmokers, and there was a significant interaction between smoking status and GGT enzyme activities in the association between GGT and cancer mortality (see online Supplementary Table 1 ). There was an interaction between GGT and BMI in the association between GGT and all-cause mortality (Table 6 ) and cancer mortality (see online Supplementary Table 1) . Exclusion of fatty liver or diabetes did not materially affect the results, whereas exclusion of patients with CVD did result in a weaker association between GGT and all-cause mortality in people without CVD (Table 6 ). Nevertheless, the association between increasing GGT and all-cause mortality remained significant in people without CVD.
Because the sensitivity of ultrasound is poor for detection of low amounts of liver fat (Ͻ30%), we also adjusted the regression models for FLI, rather than ultrasound. Waist circumference was available at baseline in only 58% of the cohort, and therefore FLI was calculated only in this group of individuals (n ϭ 152 092). These data showing the HRs for GGT quartiles and all-cause, cancer, and CVD mortality are shown in online Supplementary Tables 3-5 . After adjusting for FLI in the fully adjusted model, HRs for all-cause, cancer, and CVD mortality were 1.46 (95% CI 0.72-2.56), 2.03 (1.02-4.03), and 1.16 (0.41-3.24), respectively. The associations of serum GGT levels with all-cause, cancer, and CVD mortality were similar across subgroups of study participants, with no interactions by age group, sex, obesity, metabolic syndrome, smoking, drinking, regular ex-ercise, or fatty liver (Table 6 and online Supplementary  Tables 1 and 2) .
For comparison with the data for GGT serum enzyme activities and mortality outcomes, and because ALT enzyme activities are often increased with fatty liver disease, we compared associations between another liver enzyme, ALT, and mortality outcomes (see online Supplementary Tables 6 -8 ). These data showed a different direction of associations between ALT and each of the mortality outcomes compared with those observed for GGT levels. For all-cause mortality, in the fully adjusted model, there was a borderline significant inverse association between ALT and all-cause mortality, and for cancer mortality there was a significant inverse association with ALT.
Discussion
Our data obtained in a large occupational cohort of approximately 250 000 people show that higher levels of GGT were strongly associated with increased risk of death from all causes and from cancer, independently of fatty liver and other important potential confounders including age, sex, smoking status, alcohol intake, exercise, BMI, hypertension, diabetes, history of heart disease, and history of stroke. In a narrative review of studies that have investigated the relationship between GGT enzyme activity results and mortality, it was noted that adjustment for confounders is often incomplete (13 ) . Previously, increased GGT levels have been shown to be associated with increased cardiovascular mortality in 163 944 Austrian adults followed for up to 17 years (14 ), whereas others have failed to show an association between increased GGT and cardiovascular mortality in a death certificatebased 12-year follow-up of 14 950 adult participants in the third US National Health and Nutrition Examination Survey (15 ) . The role of ultrasound in people with increased GGT has been investigated, and it has been shown previously that liver ultrasound improves risk stratification in individuals with increased GGT levels (16 ). In our relatively young cohort, we did not observe an increase in all-cause, cancer, or CVD mortality with fatty liver per se that was attributable to NAFLD or AFLD (data not shown). Such a finding may reflect the fact that our cohort was relatively young (at baseline, the mean age of our individuals who were alive at follow-up was 40 years; that of those who died during follow-up was 53 years). Thus nonalcoholic steatohepatitis, which is well known to be associated with increased risk of CVD, and which cannot be diagnosed specifically by ultrasound, may be rare in our cohort. Similarly, steatohepatitis due to alcohol, which is known to be associated with mortality outcomes such as liver cancer, may also be rare in this cohort.
To assess the effect of age in the study participants, we examined the association between GGT and CVD mortality, stratified by age Ͻ50 or Ն50 years. Similar to Ghouri et al. (13 ), we also observed a trend toward a stronger positive association between GGT and CVD mortality in the younger age group, although it should be noted that the 95% CIs were wide and included overlap between the 2 age groups (see online Supplementary Table 2). Previously, it has been shown that there is a greater effect of moderate alcohol consumption to increase liver enzymes with increasing BMI (17 ) , and in men, synergism has been demonstrated between smoking and alcohol use to increase GGT levels (18 ) . Interestingly, our data demonstrated a strong association between GGT and cancer mortality in nonsmokers and also showed a significant interaction between smoking status and GGT enzyme activity levels (in the association between GGT and cancer mortality). Our results also showed borderline nonsignificant trends for the interaction between alcohol consumption and GGT levels for both all-cause and cancer mortality, and there was an interaction between GGT and BMI when we investigated the association between GGT and all-cause mortality (Table 6 ) and cancer mortality (see online Supplementary Table 1) . Although we cannot be certain of the cause of death in those currently abstinent of alcohol, we noted a marked increase in the HR for death in people who were abstinent of alcohol and also in the highest GGT quartile. Thus these data serve to emphasize that people in the highest quartile of GGT are not dying from alcohol-induced liver disease. There was also a trend toward an increase in HR for CVD mortality in individuals who did not have fatty liver, so it is plausible that the association between increased GGT and CVD reflects another cause that is responsible for increasing GGT, rather than fatty liver. As has been suggested previously, it is plausible that increased GGT levels in people who do not have liver disease and who do not consume alcohol may be a marker of oxidative stress (19 -21 ) . A very recent systematic review and metaanalysis has been undertaken of the association between GGT and ALT enzyme activities and risk (incidence and/or mortality of overall and site-specific cancers) (22 ) . Comparing top vs bottom thirds of baseline circulating GGT levels, pooled risk ratios (95% CIs) were 1.32 (1.15-1.52) for overall cancer, 1.09 (0.95-1.24) for breast cancer and cancers of female genital organs, 1.09 (1.02-1.16) for cancers of male genital organs, 1.94 (1.35-2.79) for cancers of digestive organs, and 1.33 (0.94 -1.89) for cancers of respiratory and intrathoracic organs. In contrast to these authors' data for GGT, for ALT, they showed variable associations and also geographic differences in the associations between ALT and overall cancer risk. Our data, on the other hand, showed a significant trend across quartiles Table 7) . For cardiovascular and all-cause mortality, a recent metaanalysis of 7 studies with 273 141 participants showed a pooled relative risk for highest vs lowest GGT quartile of 1.52 (95% CI 1.36 -1.70) for cardiovascular mortality and 1.56 (1.34 -1.83) for allcause mortality. Importantly, there was considerable heterogeneity in the thresholds of GGT enzyme activity level that defined the highest GGT quartile, and these ranged from Ͼ22 to Ͼ56 IU/L. Furthermore, subgroup analyses on the basis of ethnicity, sex, follow-up duration, and sample size showed inconsistent results, and the summary estimates were different for the Asian subgroup (4 ) . Our data in a predominantly single-ethnicity Korean cohort, therefore, add to these findings and also add to the findings from the pooled analysis of results from the British Women's Heart and Health Study (23 ) . In the latter study, involving 10 prospective studies, a change of 1 IU/L GGT was shown to be associated with a fully adjusted HR of 1.20 (95% CI 1.02-1.40) for coronary heart disease and 1.54 (1.20 -2.00) for stroke (23 ) . However, once again, heterogeneity was noted between studies; there also was considerable uncertainty about variable effects resulting from inclusion of different ethnicities, as the HRs were substantially decreased when 2 studies in Asian populations were excluded from the analyses.
Limitations to our study need to be considered. Because we have assessed only the presence or absence of fatty liver disease defined by ultrasound and FLI (and not liver histology obtained by biopsy), we are unable to comment on associations between liver function tests and mortality outcomes in people with more advanced forms of liver disease. Furthermore, recent work from Hart et al. (24 ) shows clearly that only modest alcohol consumption (within the threshold that some use to define NAFLD and below the threshold used to define AFLD) acts synergistically with obesity to increase markedly the risk of developing cirrhosis. Our estimate of alcohol intake is imprecise, as data on alcohol consumption were available only from selfadministered questionnaire data. Additionally, people who identified as abstinent of any alcohol consumption at the time of the questionnaire (at the occupational health checkup) may previously have consumed alcohol, and the precise threshold of daily alcohol intake that should be used to define AFLD is uncertain (25 ) . In support of the notion that the positive association between GGT levels and mortality outcomes is unlikely to be confounded by fatty liver, we also examined ALT, as it is often affected by fatty liver disease due to NAFLD or alcoholic liver disease. As can be seen in online Supplementary Tables 6 -8 , the direction of the association between ALT and mortality outcomes was in the opposite direction from that of GGT with mortality outcomes. There was an inverse trend (not significant) for the association between ALT and all-cause mortality, and there was a significant inverse association between ALT and cancer mortality.
In conclusion, over a 7-year period, there was an increased risk of all-cause and cancer mortality with higher levels of GGT in this Korean cohort. There were similar hazards for all-cause and cancer mortality, whereas the hazard was attenuated for CVD mortality for people in the highest GGT quartile, adjusting for fatty liver (assessed by either ultrasound or FLI). Although we are uncertain as to the mechanism contributing to increased GGT enzyme activity levels and the hazard for mortality outcomes, it is plausible that increased cellular oxidative stress may underpin the association between increased GGT and disease outcomes. 
